Magneto-electrochemistry (MEC) is a unique paradigm in science, where electrochemical experiments are carried out as a function of an applied magnetic field, creating a new horizon of potential scientific and technological applications. Over the time, detailed understanding of this research domain was developed to identify and rationalize the possible effects exerted by a magnetic field on the various microscopic processes occurring in an electrochemical system, such as: electrolyte properties governed by charge-transfer process (electric conductivity, viscosity, and diffusivity), mass transfer, electrochemical kinetics and on the structure/quality of products formed either at the working electrode or in the electrochemical cell. Particularly, magnetic field controlled chiral architecture obtained from deposited metal, alloys and catalyst and their excellent enantio-recognition in experimental frame is highly appealing. Interestingly, Hall effect was also demonstrated in electrolytic medium via an impressive experimental technique which is being employed for further theoretical understanding in the field of magnetoelectrochemical science. Later, a highly reproducible local temperature variation was observed in electrochemical electrolytes exposed to perpendicular magnetic and electric fields. However, until recent studies, none of the above mentioned reports considered the possibility of a spindependent related charge-transfer process. Recent experimental and theoretical studies reveal that electron's transmission through chiral molecules is spin-selective and this effect has been referred to as chiral-induced spin-selectivity (CISS) effect. The CISS effect pave the way for the building up of a system characterized by a net magnetic moment exploiting the spin-filtering ability of chiral molecules. This interplay between chirality and magnetism may shed light on fundamental scientific aspects underlying the enantio-recognition and highly efficient electrontransfer that occurs in biological process.
Introduction
Magneto-electrochemistry (MEC) combines two distinct paradigm i.e., electrochemistry and magnetism where surprising outcomes are possible on changing direction of superimposition of two variables causing complex hydrodynamics response from the electrolyte and redox ions [1] .
Indeed, the influence of the magnetic field on electrochemical process, in a variety of ways and experimental configurations, has been first observed by Michael Faraday [2] .
A number of parallel attempts were made to elucidate the effect of a magnetic field on the electrolyte properties, mass transfer, electrochemical kinetics and the structure/morphology and quality of the electrodeposited films [3] . One of the most interesting and persistent observation was the chiral texture of electrodeposited films, such as metals (Cu, Ag, Fe etc), alloys, conducting polymers (polyaniline, etc), such modified morphology is useful in advanced applications like enantioselective recognition/adsorption processes [4] .
So far most of the studies in the literature used an external magnetic field to generate chiral potential. Of late, Naaman et. al., discovered a revolutionary "chiral induced spin selectivity (CISS)" effect, which states that transport of electrons through chiral molecules depends on their spin states and give rise to a net magnetic moment (with the associated magnetic field) [5] , and references therein cited. The idea was recently demonstrated via an innovative Hall device that serves as the working electrode in an electrochemical cell, and is capable of providing information on the correlation of spin selectivity and the electrochemical process without an external field [6] .
Thus, our intent here is to give a brief overview of the recent experimental findings obtained by combining magneto-electrochemical systems and chiral architectures, like in 2D metallic or organic electrodeposition under an external imposed magnetic field and their enantioselective recognition/adsorption processes [7] . In addition, the second part of this review highlights the exciting results obtained by spin-specific electron transmission through chiral interfaces in electrochemical systems.
Magnetic effect on the electrolyte solution

Lorentz force on electrolytic solution.
The electrolytic solution provides a conductive medium for the movement of ions under an applied electric field E, and the electrostatic force exerted on moving ions carrying charge q is given by the relation [8] :
Application of a uniform magnetic field B, together with the electric field on the conductive ion would subject a Lorentz type force expressed by the equation [9] :
where v is the velocity of the ion. Equation (2) gives due reason to the deviation from the linear trajectory as previously shown in Hall effect in semiconductor [10] . This is referred to as the magneto-hydrodynamics (MHD) force and for this discovery the Nobel Prize was awarded to
Hannes Alfven in 1970 [11] . Moreover, the effect of a uniform magnetic field on a conductive fluid in electrochemical cell is different from those of a magnetic field gradient in simple electrostatics. The influence of non-uniform magnetic field is quantitatively evaluated as follows:
In relation (3) χm is the molar susceptibility, µ0 = 4π x 10 -7 is the permeability of free space and c0 is the bulk concentration of magnetic species in solution (mol/m 3 ). This expression of Fmag consists of two terms, the first term is the paramagnetic gradient force (which depends on the concentration gradient), the second term is the field gradient force (which can be significant whenever there is a non-uniform magnetic field, such as the surface of a rough ferromagnetic electrode).
Conductivity of solution under magnetic field
To account for the effect of a magnetic field on the electrical conductivity of an electrolyte is a rather complex task. Experimental results demonstrate that electrical conductivity increases by a factor of 1.04 -1.2 at increasing the magnetic field intensity [2] . Tronel-Peyroz and Olivier [12] using a method analogous to the kinetic gas theory, studied the transport coefficient in an electrolyte, under steady state conditions, in the presence of superimposed electric and magnetic fields. They have shown that the ionic mobility and the diffusion coefficients become tensor quantities, which depend on the magnetic field. The matrix that represents the ionic mobility of the species is:
where uT is the transverse mobility, uH is the Hall mobility, uǁ = u is the conventional mobility in the absence of the magnetic field. The matrix of diffusion can be deduced from the mobility by the following relation:
Experimentally, in the case of ferro-ferrcyanide solutions in KCl, for a magnetic strength of about 1T on neglecting the diffusion term, the current induced by the field is given by:
Szcześ et. al., did an extensive study on effect of static magnetic field on water as a function of time [13] . The water conductivity was measured as a function of time following the application of magnetic field. It was demonstrated that the magnetic field decreases the water conductivity.
The effects are due to the hydrogen bond network strengthening and the perturbation of gas/liquid interface from the air nano-bubbles in the water. Szcześ et. al. showed that for magnetized samples a decrease in the conductivity relative to non-magnetized sample appears, conductivity measurements with 15 mT magnetic field for 5 minutes shows significant enhancement in conductivity of water, this effect is found lasting for about 24 h. Thus suggesting some sort of a "memory effect" in water. However, memory of magnetic treatment was reported up to 200 h [14] .
Kovarsky et. al. presented a procedure for orienting the polyethylene-oxide (PEO) helices in a direction perpendicular to the film plane by casting the polymer electrolytes (PE) under a static magnetic field of 1.22T [15] . The influence of varying the magnetic field intensity and orientation on the structural properties, and ionic conductivity as well, of concentrated lithium trifluoromethanesulfonate (LiCF3SO3) and LiAsF6:P(EO) pristine and composite polymer electrolytes containing γ-Fe2O3 nanoparticles was thoroughly studied. It was found that the higher the content of the crystalline phase and the size of spherulites in the typically cast saltpolymer system the stronger the influence of the magnetic field on the conductivity enhancement, when the electrolyte is casted and dried under magnetic field. For instance, LiAsF6:(PEO)3 at 65•C exhibits a inter-chain conductivity rise by a factor of 75, while the intrachain conductivity is increased by a factor of 11-14.
Diffusivity of electrolyte
Very few studies are available devoted to the influence of the magnetic field on diffusivity of solution and most of them reports relatively chemical species dependent effect.
Viscosity, temperature
The viscosity measured under magnetic field of 1T decreases with the increase of chemical species concentration. Thermal effects have been studied by Tronel-Peyroz and Olivier [16] . A local variation in the temperature has been observed when the electrolyte is subject to an electric and magnetic field perpendicular to each other, a topic discussed in more details in section 6.
Mass transport under magnetic field
Magnetic field effects on mass transport of electrolytes in electrochemical cell have been studied extensively. The magnetic field persuades convection in the electrolyte causing narrowing of the diffusion layer. It is experimentally shown that enhancement of up to 100% in limiting current is observed, the electrochemical current enhancement follows a B 1/3 c0 4/3 empirical law [17] . In the case of copper electro-deposition an exponential behavior of limiting current with applied magnetic field was observed. Aogaki et. al. proposed a semi-empirical model in good agreement with experimental data obtained for a channel electrode cell and validates the B 1/3 c 4/3 behaviour of conducting electrolytes under magnetic field [18] . Moreover, exceeding a critical value of jB > 950 Nm -3 induces an interesting hydrodynamic turbulence in the electrochemical cell. Magnetic field effects influencing corrosion processes have been studied [19] . Also autocatalytic reactions are inhibited by the magnetic field effect, as corrosion products diffuse more easily following the stronger local induced convection.
Electrode kinetics
The effect of a magnetic field on the kinetics of the electrode reaction is considered as most controversial so far. The magnetic field has no significant effect on the kinetics as evaluated on the basis of Tafel data [20] and as it is found in magneto-impedance experiments [21] . A few reports do support that exchange current density is blocked under high magnetic field [22] .
However, several other factors such as vigorous agitation of the solution or the use of a rotating disk electrode can contribute to the indirect kinetic effects. The effect of magnetic field on the rate of recombination of radical pairs have been studied by several reports [23] , which support that magnetic fields either enhance or impede the coherent oscillation of the radical pair between its singlet and triplet states. On the contrary, magnetic field could not significantly influence the rate of a heterogeneous electrochemical reaction, since the magnetic field energy is negligible compared to both the thermal energy and the electrostatic potential energy.
Texture and Surface morphology
Application of a magnetic field during the processes of electro-deposition of metals, alloys and electropolymerization reactions gives raise to complex texture and morphology, a subject of great interest for material scientists. Several electrodeposited materials was reported to show chiral texture either with clockwise or anticlockwise orientation, due to complex convective effects depending on the magnetic field orientation with respect to the electrode [24] . Mhíocháin et. al. showed zinc fractal form electrodeposition grown around a point cathode in a flat, horizontal electrochemical cell [25] . When the zinc is electrodeposited under an applied perpendicular magnetic field a chiral spiral structure is developed, which interestingly reverses the handedness on switching the field direction from upwards to downwards, compare Figure 1 . In addition, x-ray diffraction (XRD) and Scanning electron microscopy (SEM) analyses on nickel-iron alloys have highlighted modifications of the composition and the smoothness of the deposit grown under magnetic effect [26] . For cobalt-iron alloy, superimposition of the magnetic field leads to a change in texture orientation without any modification of the composition of the deposit [27] . Finally, also the electropolymerization of organic compounds shows a dependence on the presence of magnetic field; for instance chiral manifestations have been observed during polyaniline electro-polymerization under high magnetic fields [28] . Importantly, chiral surfaces can act as enantio-selective catalysts capable of separating two enantiomeric forms of a product [29] and to be built in a variety of ways such as by adsorbing chiral molecules [30] or slicing single crystals so that they exhibit high-index faces [31] . . Importantly, CuO has been reported to be a potent electrocatalyst for the oxidation of carbohydrates, amino acids, simple alcohols, aliphatic diols, and alkyl polyethoxy alcohol detergents [33] and can open a pathway for high enantiomeric excess (ee) in chemical reaction.
Similarly, Hinds et. al., investigated the effect of a static magnetic field on the electrolysis of copper in aqueous solution and observed significant enhancement of the electro-deposition rate (up to 300%) from concentrated CuSO4 solution at low pH [34] . Moreover, in this study, it was found that effect of the magnetic field is equivalent to the response obtained by using a rotating electrode. The magnetic field effect on the voltammogram (in the +2 to -2 V potential range, at the scan rate of 10 mV/s) recorded on a copper working electrode (0.75 M CuSO4 solution at pH ~ 0.5) was studied. The scan consists of three distinct regimes namely: the activation regime close to the rest potential and the mass transport regime (current plateau) and hydrogen evolution regime (cathodic branch below -800 mV). No effect of the field is evident in the activation regime. Hydrogen evolution regime indicates suppression under higher fields. Importantly in mass transport regime, the current density at -500mV in the cathodic scan increases by a factor of 4 applying a magnetic field: from 1300 A/m 2 in zero field to 5400 A/m 2 in a field of 6 T. The anodic currents density is 2-3 times smaller than cathodic density and identical behavior of enhancement in the current density was observed i.e., current density at +1.5 V is increased from 600 A/m 2 in zero field to 1900 A/m 2 in a magnetic field of 6 T. The effect is independent of field direction and saturates at field larger than 6 T. Induced convective flow is affected by the magnetic field on a microscopic scale in the boundary layer close to the working electrode, thus altogether gravitational and magnetic force governs the morphology and fractal dimensionality.
Experiments were also performed to study the morphology of fractal electrodeposited films grown in the flat circular cells, in a horizontal orientation from a 0.2 M CuSO4 solution at an applied voltage of 6V as a function of magnetic field intensity and orientation. After this report, Hubbard and Wolynes theoretically calculated the electrohydrodynamic forces on an ion moving in a polarizable liquid in a magnetic field [37] . The result is a hydrodynamic force which is about 30% of the Lorentz force q/c (v x B). The calculation indicated that the effect is independent of ion size, charge and solvent viscosity. Moreover, Newman et. al, exploited the solid electrolyte C5H6NAg5I6 for demonstrating the Hall effect [38] . The ionic Hall effect was measured in the order of 10-100 nV at 25°C for 0. voltage in flowing electrolyte under the magnetic field with the flow-velocity of electrolyte [39] .
They observed that a charged particle moving through a magnetic field experiences a force qv x B, causing separation of positive and negative ions by the Lorentz force and produce an electric field generating linearly increasing hall voltage across the flow tube with the flow rate.
Temperature variation in magnetic field
Notably, a minor but highly reproducible temperature rise was observed when a DC current was passed through an electrolytic cell placed in a uniform constant magnetic field, whose magnitude can be a fraction of a degree, remain symmetrical as the direction of the current is alternated upon reaching steady state. Tronel-Peyroz and Olivier demonstrated the variation of such temperature differences with current (at a fixed value of B), which is an initial decrease, followed by a monotonic increase after the achieving of a minimum value [16] . Olivier models the temperature variations in terms of the kinetic energy of ions and the ionic relaxation time on the basis of Boltzmann's classical distribution equations and ascribed to slight changes in the degree to the dissociation of water caused by the magnetic field. Accurate estimation of heats of ion transfer in magnetic fields might be one useful application of this methodology.
Induced magnetic field via chiral molecules
7.1. 3D electrochemistry using chiral molecules "Three-dimensional (3D) spin-electrochemistry" methodology is based on Hall potential measurements performed in an electrochemical systems: the spin-filtering due to the chiral electrode interface leads to spin accumulation, resulting in a magnetic field [40] . This method provides simultaneously, in operando, a three-way source of information about the applied voltage, the resulting electrochemical current, and spin injection/magnetic moment which is probed via the Hall potential measurements. This device is based on the use of a AlGaN/GaN high electron mobility transistor (HEMT) [41] . This device serves two purposes: it is the working electrode as in a conventional electrochemical cell and, simultaneously, it measures the spin polarization of the current, as presented schematically in Figure 5 . CV measurements are expedient to force a current flow at the chiral electrode interface (made chiral by adsorption of a polypetide monolayer). Spin accumulation in the HEMT device originates a relevant magnetic field which is detected by measuring the Hall potential in the channel where a constant current is pumped between the source and drain electrodes (S and D in Figure 5a ) [42] . The Hall potential stems from the spin-polarized electrons injected into (or out from) the GaN device. The accumulated spins in the GaN produce a magnetic field perpendicular to the modified working electrode device's surface. This method generates the magnetic field via spin filtering obtained by charge transmission through the chiral interface, via CISS effect. This is important since it is known that magnetic fields introduce various effects, as discussed in previous sections, that may influence the global electrochemical behavior of a system, even if there is no spin-dependent reaction [9] . Chiral GaN-based working electrode is applied for conducting an enantio-specific electrochemical process to validate the correlation between enantio-selectivity with the spin polarization [6] . The device was coated with AL-5 and similar experiment as described above is . Since the device has a small surface area 20 × 10 3 μm 2 , it is not expected to observe the redox peaks in this type of experiments [43] . Owing to the chiral working electrode, we observed enhanced current in the CV curve with R-ferrocene, as shown in Figure   7c with higher Hall potential for favorable spin-interaction Figure 7d while no significant effect is visible in achiral analogues device Figure 7b.
Magnetic field using electrolytic gated chiral molecules
Kumar et. al. demonstrated experimentally that, in chiral molecules, charge redistribution is accompanied by spin polarization [6] . The spin polarization was measured by using a Hall-effect device similar to that described in section 7.
1. An electric field that is applied along the molecules causes charge redistribution, and for chiral molecules, a Hall voltage is measured that indicates the spin polarization/magnetic field on the surface. During this experiment, a Hall device, coated with a self-assembled organic monolayer, is placed in solution with a gate electrode (G) electrode, not in direct contact with the solution, and an inert electrolyte. When an electric potential VG is applied between the G electrode and the device, the ionic solution is polarized, so that an electric field acts on the adsorbed molecules in Figure 8A . The relevant electrical scheme is shown in Figure 8B : ISD indicates the applied S-D current, VG is the gate voltage, and VH is the differential Hall potential across the conductive channel.. As a result, the molecules are polarized because of charge reorganization (partial charges q+ and q−), inducing a charge displacement in the surface region of the device. Because the charge polarization is accompanied by spin polarization (red balls with black arrows, compare Figure 8C ), a magnetic field that acts on the electrons flowing between the S and D electrodes is also created. It is important to realize that the ability to observe a significant Hall potential results, in part, from the proximity of the polarized spin distribution to the conductive channel. The Hall potential VH, which is formed as a result of the spin magnetization, was measured as a function of VG. Because of the high ordered molecular chirality with L-SHCH2CH2CO-{Ala-Aib}7-COOH, higher spin polarization (possesses a magnetization) is created, which is responsible for the higher Hall voltage. Note that the intrinsic spin depolarization in GaN (which makes up the Hall device) occurs on a submicrosecond timescale, the high capacitance of the measurement leads to a signal that decays with the time constant of the system (1/RC, where R is the total resistance (device and electrolyte solution) and C is the ionic capacitance . It is important to appreciate that, because of the high capacitance of the device, the measure signal is broadened in time, and therefore, the actual signal peak could be much larger. The device was calibrated using an external magnetic field. For an external voltage of 10 V, the Hall signal corresponds to about 5-mT field for the case of the SHCH2CH2CO-{Ala-Aib}7-COOH. These results strongly suggest that effective magnetic field could be in turn, generated from the spin-filtering ability of the chiral adsorbed layer.
Spin-controlled charge-transport in chiral molecules
Spin-dependent charge-transport across chiral molecular assembly studied by spin-dependent electrochemistry is the first of its kind; specifically designed for measuring spin polarization (SP). Prof Naaman and his team established this state-of-the art technique in which chiral molecules can be deposited directly onto a ferromagnetic working electrode which can be magnetized either with its magnetic moment pointing "UP" or "DOWN" by placing a permanent magnet underneath the ferromagnetic electrode. The direction of the magnet can be flipped from "UP" to "DOWN" or vice-versa and simultaneously Faradic current can be measured under two different magnetized conditions by which spin polarization can be measured. Charge transmission through the chiral-electrode|solution interface is driven by an electrochemical charge-transfer process: a redox probe is suitably placed into an electrochemical cell, in bulk solution or immobilized on the electrode surface.
To study the spin-dependent electrochemical charge-transfer process, a ferromagnetic working electrode is used as a spin-injector [44] . High reactivity of the ferromagnetic electrodes requires special attention in order to minimize the oxide formation on the electrode surface [45] . Prof. Figure 10c ). On the other hand, when the Ni working electrode was magnetized "DOWN" direction, cathodic current does not change its sign with reference to the anodic process. Thus "DOWN" spin-controlled electron-transfer process reveals a relatively higher energy barrier for electron conduction to occur from the nickel working electrode to the oxidized ferrocene molecules present in an electrolyte (black curve, Figure 10c ). The same observation was made with the polymer-coated Ni electrode using chronoamperometric study.
Thus a thin layer of chiral conductive polymer acts as an excellent spin filter, which allows the transmission of only one type of spin [46] . Reprinted with permission from ref. [47] . Copyright 2015 American Chemical Society.
Conclusions
This review focuses on the effect of magnetic field effects in different areas of electrochemistry.
Electrodeposition and electropolymerization processes, electrolyte bulk charge transport and the quite recent spin-dependent electrochemistry are the topics here considered. In particular, spindependent electrochemistry, which is based on the interplay between chirality/spin/magneticfield physical quantity, seems a promising approach for appealing applications in both sensor and adsorption related (chromatography) technological areas. Moreover, recent results show that chirality is able to drive spin-selective electron-transfer, through CISS effect, allowing to control local magnetic fields for highly advanced molecular based spintronic-devices.
